5-Lipoxygenase (5LO) is involved in the production of leukotrienes and reactive oxygen species (ROS) from arachidonic acid. Its strong activation has been associated with several diseases like cancer and neurodegeneration. Here we show that 5LO activity increases during senescence-like growth arrest induced by oncogenic ras or culture history in both human and mouse embryo fibroblasts. Overexpression of 5LO promotes senescence-like growth arrest via a p53/p21-dependent pathway, and this occurs independently of telomerase activity. 5LO stabilizes p53 through phosphorylation at Ser15 and increases expression of the p53-transcriptional target p21. This is achieved by regulating ROS production. Indeed, ROS are increased in 5LO-arrested cells. Antioxidants and a low oxygen environment prevent 5LO-induced growth arrest. Finally, 5LO inhibition reduces the growth arrest induced by oncogenic ras or culture history and these effects are neutralized by the addition of exogenous ROS. These data link the 5LO pathway to oxidative crises of primary fibroblast and suggest that the ability of 5LO to induce senescence-like growth arrest may be important in the pathogenesis of 5LO-associated disorders.
Introduction
Replicative senescence limits the proliferation of many mammalian cells both in vitro and in vivo (Campisi, 2001) . In human cells, this appears to be primarily mediated by telomere shortening (Stewart and Weinberg, 2000; Mathon and Lloyd, 2001 ). In addition, oncogene activation, such as the one elicited by activated Ras, and DNA damage induce a premature form of senescence (here reported as 'stasis') irrespective of telomere length (Bringold and Serrano, 2000; Drayton and Peters, 2002) . Cellular senescence (replicative senescence and stasis) is considered to be a cellular safeguard mechanism against uncontrolled proliferation and formation of cancer (Campisi, 2001) .
Stasis induced by oncogenic ras and replicative senescence downstream of telomere shortening share common signaling pathways and morphological features (Lundberg et al, 2000; Schmitt, 2003) . Typical phenotypic markers are enlarged and flattened morphology, and the b-galactosidase (SA-b-gal) activity. At the molecular level, senescence cells accumulate cell cycle inhibitors, such as p53, p21
Cip1/Waf1 (p21) and p16 INK4a (p16) , irreversibly halt in the G1 phase of the cell cycle and fail to phosphorylate retinoblastoma (pRb) after mitogen stimulation (Serrano and Blasco, 2001) . Another stress condition that has been linked to the activation of cellular senescence includes oxidative stress and reactive oxygen species (ROS) production. ROS and hydrogen peroxide, in particular, are involved in the induction of stasis by oncogenic ras (Lee et al, 1999) . In human lung fibroblasts, oxidative stress can cooperate with telomere shortening to activate replicative senescence (Atamna et al, 2000; Forsyth et al, 2003) . Moreover, in mouse embryonic fibroblasts (MEFs) , oxidative stress appears to be the major mechanism for inducing replicative senescence (Parrinello et al, 2003) . Although oxidative stress is a feature of cellular senescence, the sources of ROS during replicative senescence and stasis remain elusive.
Increased production of ROS may derive from the NADPH oxidase and from the mitochondria (Haendeler et al, 2004) . However, there are other sources of cellular ROS, including 5-lipoxygenase (5LO), which is known to catalyze the production of leukotrienes (LTs) and ROS from arachidonic acid (Lewis et al, 1990; Soberman and Christmas, 2003) . The activity of 5LO is required for ROS production by CD28 stimulation in T lymphocytes (Los et al, 1995) and products of 5LO cascade, LTB4 in particular, play roles in the TNF-a-induced production of ROS (Woo et al, 2000) .
High levels of 5LO and its metabolites are found in a wide variety of human cancers (Soberman and Christmas, 2003) . Moreover, we and others have shown that 5LO pathway promotes cancer cell proliferation and survival (Hong et al, 1999; Catalano et al, 2004) . Although these reports suggested an important role of 5LO in human malignancy, the impact of 5LO activation on the growth and lifespan of normal (untransformed) cells is poorly investigated. Here we identified the 5LO pathway as a key signaling involved in oncogenic ras-induced stasis and oxidative crises during culture history, and provide evidence that 5LO-linked cascade controls senescence-like growth arrest, in part, by modulating ROS levels and p53 activity.
Results

5LO expression and activity in oncogenic ras-mediated stasis
We first examined the expression and activity of 5LO during stasis induced by oncogenic ras (Ha-RasV12) or sublethal doses of H 2 O 2 . As previously described, human (WI38, IMR-90 and LF1) and MEFs expressing Ha-RasV12 or treated with H 2 O 2 (250 mM for 2 h) reduced [ 3 H]thymidine uptake at subconfluent density (up to 85%) and were highly positive (up to 75%) for senescence-associated SA-b-gal by 10-15 days post-treatments (data not shown; Bischof et al, 2002; Gorbunova et al, 2002) . Unlike H 2 O 2 , Ha-RasV12-arrested WI38 cells displayed a strong induction in 5LO, and in the senescence-related markers p53 and p21 ( Figure 1A ). IMR-90, LF1 and MEFs that underwent 'static' by oncogenic ras also accumulated 5LO ( Figure 1B ). These changes were accompanied by a progressive increase in 5LO nuclear localization (data not shown). Accordingly, products of the 5LO pathway, 5-HETE and LTB4, were increased in conditioned media of Ha-RasV12-expressing fibroblasts by four-and three-fold, respectively. The production of the 'total LTA4-derived metabolites' (the sum of LTB4, 20-OH-LTB4, D6-trans-LTB4 and 12-epi-D6-trans-LTB4) was also increased by 3.5-fold ( Figure 1C ). However, Ha-RasV12-arrested cells did not show appreciable changes in 12-HETE, a 12-LO metabolite, or cyclooxygenase (COX) metabolites, compared with control cells (data not shown). Ha-RasV12 upregulated two gene products of the 5LO cascade, cytosolic phospholipase A2 (cPLA2) and 5LO. In addition, oncogenic ras gave a 3.5-fold increase in COX2 mRNA, whereas it did not induce a significant change in LTA4 hydrolase, LTC4 synthase and 5LO activating protein (FLAP) mRNA levels (Supplementary Figure 1) . H 2 O 2 had no appreciable effect on 5LO pathway constituents. It therefore appears that the 5LO cascade is part of the signaling pathway of oncogenic ras-induced stasis.
5LO is critical for the ROS production and stasis induced by oncogenic ras ROS production mediates Ha-RasV12-induced stasis (Lee et al, 1999) . To determine whether 5LO pathway is involved in ROS generation and stasis induced by oncogenic ras, Ha-RasV12-arrested WI38 cells were preincubated with the 5LO inhibitors AA861, eicosatetraynoic acid (ETYA) and MK886, and the cPLA2 inhibitor arachidonyl trifluoromethyl ketone (ATK). For comparison purpose, we also used the nonspecific COX inhibitor indomethacin as well as N-acetylcysteine (NAC), a ROS scavenger, and diphenyleneiodonium chloride (DPI), an inhibitor of NADPH oxidase-like flavoenzymes, which are known to inhibit stasis (Lee et al, 1999; Haendeler et al, 2004) . AA861 (1 mM) and MK886 (1 mM) potently suppressed (up to 70%) 5-HETE formation in HaRasV12-stimulated WI38 cells. ATK (10 mM) also reduced by 60% the amount of 5-HETE, and high concentrations of ETYA (35 mM) were required for similar inhibition (Supplementary Figure 2A) . The concentration of these inhibitors corresponded to approximately twice the previously determined ID 50 . As expected, Ha-RasV12-induced 5LO activity was not significantly affected by indomethacin (10 mM), NAC (2 mM) and DPI (15 mM) (Supplementary Figure 2A) . We observed similar findings when LTB4 determination was used instead of 5-HETE (data not shown). Under these conditions, the cPLA2 and 5LO inhibitors markedly decreased Ha-RasV12-induced ROS and SA-b-gal accumulation. By contrast, indomethacin had little or no effect (Supplementary Figure 2B) . As expected, NAC and DPI diminished ROS and SA-b-gal accumulation elicited by oncogenic ras (Supplementary Figure 2B) , whereas AA861, ETYA, MK886 and ATK did not influence ROS and SA-b-gal accumulation after H 2 O 2 treatment (data not shown). This suggests that cPLA2-catalyzed synthesis of arachidonic acid and subsequent metabolism of arachidonic acid by 5LO are involved in the Ha-RasV12 signaling to ROS generation and stasis.
To test this idea, Ha-RasV12-induced stasis was analyzed in 5LO-deficient (5LO À/À ) MEFs. Ha-RasV12-infected wildtype MEFs ceased to proliferate at subconfluent density, whereas Ha-RasV12 expression had a minor and delayed effect on proliferation of 5LO À/À MEFs ( Figure 2A (A) WI38 fibroblasts were infected with empty virus as a control (B0) or Ha-RasV12-expressing retrovirus, or treated with 250 mM H 2 O 2 for 2 h. Day 0 is the first day after selection for 4 days in 1 mg/ml puromycin. After 7 days, cells reduced [ 3 H]thymidine uptake and were positive for SA-b-gal activity (data not shown). Cell lysates were then prepared and Western blot analyses of RasV12, 5LO and the senescence-related proteins p53 and p21 were performed. (B) Western blot analysis of 5LO in the indicated cells treated as described in the legend to panel A. Expression of actin was used as an internal control. (C) Ha-RasV12-infected or H 2 O 2 -treated WI38 cells were incubated with 10 mM calcium ionophore A23187. After 15 min at 371C, the reaction was terminated, and the formation of AA metabolites (LTB4, 'total LTA4-derived metabolites' and 5-HETE) was assayed as described in Materials and methods. P-values are also indicated, ANOVA, n ¼ 4.
whereas it caused only a two-fold increase in 5LO À/À MEFs ( Figure 2B , right panel). The addition of pro-oxidant tertbutyl-H 2 O 2 (t-BTH) rescued the antistatic effect in HaRasV12-infected 5LO À/À MEFs ( Figure 2C ). Thus, exogenous ROS can cooperate with Ha-RasV12 to overcome the antistatic effect of 5LO deficiency. Extension of lifespan after oncogenic ras transduction into 5LO À/À MEFs was followed at later passages (at day 12 until day 16) by apoptosis of a large fraction of Ha-RasV12-overexpressing 5LO
À/À MEFs ( Figure 2D ). Therefore, oncogenic ras may promote either stasis or apoptosis depending on the expression levels of 5LO in the cell.
5LO pathway induces telomerase-independent stasis by increasing intracellular ROS
To further evaluate the role of 5LO pathway in stasis, we introduced a green fluorescent protein (GFP)-tagged 5LO or catalytically inactive 5LO mutant (H367Q) into WI38 fibroblasts using a pBabe-based vector. When WI38 fibroblasts were not selected with puromycin following 5LO infection, 5LO did not induce significant SA-b-gal accumulation and growth arrest. In contrast, after selection, 5LO caused stasis within 10-15 days from infection ( Figure 3A and B). ROS levels induced by 5LO, without selection, increased around two-fold over controls, whereas WI38 fibroblasts selected following 5LO infection had a greater than five-fold increase in ROS levels ( Figure 3C ). These different cell responses were linked with the increased 5LO protein and LTB4 formation observed ( Figure 3D ). We observed similar results when 5-HETE determination was used instead of LTB4 (data not shown). Notably, overexpression of H367Q was completely ineffective. Thus, quantitative differences in 5LO expression and activity correlated with ROS induction and stasis. Neither cPLA2 nor COX2 overexpression provoked SA-b-gal activity and reduction of [ 3 H]thymidine incorporation, although these proteins were efficiently expressed (data not shown À recognition by lucigenin (right), assayed as described in Materials and methods, were used as indicators of ROS levels in both wild-type and 5LO
À/À MEFs infected with B0 or oncogenic ras. (C) 5LO À/À MEFs infected with B0 or oncogenic ras were treated with 5 or 10 mM t-BTH for 2 days, that is, from 4 to 6 days after selection. SA-b-gal-stained cells were counted 7 days after selection. (D) Annexin-propidium iodide (PI) staining of B0-and Ha-RasV12-infected wild-type or 5LO
À/À MEFs. *Pp0.05 versus control, ANOVA, n ¼ 3. 5LO-induced stasis, we cultured 5LO-expressing cells in varying oxygen environments, an established method to regulate ROS production (Parrinello et al, 2003) . 5LO-expressing cells maintained in the standard tissue culture environment of 20% oxygen undergo near complete growth arrest. By contrast, lowering ambient oxygen to 3% enabled cells expressing 5LO to continue to proliferate ( Figure 4B ). In addition, 5LO-mediated growth arrest and SA-b-gal accumulation were rescued by the antioxidant NAC or by AA861 in 20% oxygen (data not shown and Figure 4C ). Therefore, 5LO pathway generates ROS, O 2 À and H 2 O 2 in particular, which in turn promotes stasis.
To test whether 5LO-induced stasis is bypassed by constitutive expression of catalytically active human telomerase (hTERT), we coinfected hTERT-expressing human fibroblasts along with the respective 5LO constructs. In the case of 5LO, no differences in the inhibition of cell proliferation (Supplementary Figure 3) or SA-b-gal accumulation (data not shown) were observed. Thus, the induction of stasis by 5LO-linked cascade is hTERT independent.
5LO elicits stasis via p53-dependent mechanism
The p53/p21 pathway contributes to stasis induced by oncogenic ras (Pearson et al, 2000) . 5LO-expressing WI38 cells showed an accumulation of p53 (four-to five-fold) and p21 (five-to six-fold), a decrease of pRb phosphorylation and they did not show any difference of PML and p16 protein levels in comparison to controls ( Figure 5A ). To determine the role of p53 and p21 in 5LO-induced arrest, we infected MEFs derived from p53-(p53
) mice with pBabe-5LO vectors. 5LO overexpression reduced cell proliferation in MEFs, but it did not induce growth arrest in both p53 À/À and p21 À/À MEFs ( Figure 5B ). Therefore, p53 and p21 are essential for 5LO-induced growth arrest. Expression of p21 is regulated by p53-dependent or -independent mechanisms as well as protein degradation (Fotedar et al, 2004) . To investigate the mechanism by which 5LO increases p21 expression, 5LO-expressing wild-type and p53 À/À MEFs were then analyzed by immunoblotting. 5LO upregulated p21 in wild-type MEFs but not in p53 À/À MEFs ( Figure 5C ), indicating that p53 is crucial for 5LO-mediated p21 upregulation.
ROS production by 5LO-linked cascade regulates p53 phosphorylation and transactivation
To clarify the mechanism by which 5LO activated p53-dependent pathway, we first examined the expression of p53 and p21 proteins in Ha-RasV12-expressing wild-type and 5LO
MEFs. Ha-RasV12 induced comparable amounts of p53 as well as p16 proteins in both cell types ( Figure 6A ), and these proteins were still induced in the presence of NAC or AA861 (data not shown). However, a slight, but reproducible, reduction of p21 upregulation occurred in 5LO À/À MEFs (8-and 4.5-fold increase in wild-type and 5LO À/À MEFs, respectively) ( Figure 6A ) or in wild-type MEFs treated with NAC À/À MEFs infected with B0 or 5LO vectors. Expression of actin was used as an internal control.
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A Catalano et al or AA861 (data not shown). Thus, 5LO seems to regulate p53 activity rather than stability. To confirm this, we transfected Ha-RasV12-infected wild-type and 5LO À/À MEFs with a luciferase reporter vector driven by the p21 promoter (p21-luc). In 5LO À/À MEFs, Ha-RasV12-induced p53 transactivation was reduced compared to wild-type MEFs and the addition of t-BTH (10 mM) recovered Ha-RasV12-induced p53 transcriptional activity ( Figure 6B ). In wild-type MEFs, the enhancement of luciferase activity by Ha-RasV12 was significantly lower after treatment with either AA861 or NAC ( Figure 6B ). Thus, inhibition of 5LO cascade as well as addition of antioxidant NAC reduced oncogenic ras-induced p53 transcriptional activity.
p53 is activated by a variety of signals, some of which produce specific p53 post-translational modifications (Appella and Anderson, 2001 ). In particular, p53 phosphorylation accumulates during cellular senescence (Ferbeyre et al, 2000; Pearson et al, 2000) . We compared the status of p53 phosphorylation during Ha-RasV12-induced stasis in wild-type and 5LO
À/À MEFs, as well as in 5LO-overexpressing cells. The phosphorylation of immunoprecipitated p53 was assessed using antibodies specific for phosphorylated Ser9, 15, 46 and 392. Ha-RasV12 increased p53 phosphorylation at Ser46 in wild-type or 5LO À/À MEFs ( Figure 6C ). Ser46 phosphorylation was also increased in 5LO-expressing MEFs ( Figure 6C ). By contrast, Ser15 phosphorylation was observed in either Ha-RasV12-or 5LO-expressing cells, and it was dramatically reduced in 5LO À/À MEFs ( Figure 6C ).
Moreover, we could not detect any change in phosphorylation at Ser9 and 392 induced by Ha-RasV12 or 5LO expression (data not shown). Further, we investigated whether Ser15 phosphorylation is relevant for p53 activation induced by 5LO. Transient transfection of wild-type p53 in p53 À/À MEFs activated the p21-luc in a dose-dependent manner ( Figure 6D ). p53 mutant defective for phosphorylation at Ser15 (p53S15A) yielded similar levels of promoter activation. Coexpression of 5LO or Ha-RasV12 increased the transcriptional activity of wildtype p53 but not that of p53S15A ( Figure 6D ), indicating that Ser15 phosphorylation is required for p53 activation induced by 5LO and Ha-RasV12. To examine whether Ser15 phosphorylation is dependent on 5LO-mediated ROS induction, we treated Ha-RasV12-or 5LO-expressing MEFs with NAC or AA861. Both treatments inhibited Ser15 phosphorylation ( Figure 6E , left panel). Moreover, this phosphorylation was recovered in 5LO À/À MEFs expressing Ha-RasV12
and treated with t-BTH ( Figure 6E , right panel). Thus, 5LO-induced ROS production is important for a full p53 phosphorylation and activity during stasis.
5LO regulates the in vitro lifespan of human and murine fibroblasts
Human lung fibroblasts undergo oxidative crises during their culture history so that their growth arrest often represents a combination of replicative senescence and stasis (Atamna et al, 2000; Forsyth et al, 2003) . To test the involvement of 5LO in mediating the oxidative crisis in human fibroblasts, WI38 cells were serially passaged until they entered a senescence-like growth arrest, and protein and conditioned medium samples were collected at several stages. Senescent cells had higher 5LO protein levels than young fibroblasts ( Figure 7A ). This increase was readily associated with accumulation of p53 and p21, p53 phosphorylation at Ser15 and pRb hypophosphorylation ( Figure 7A ). In addition, a significant increase in 5LO product formation was observed in conditioned media of late-passage and senescent cells ( Figure 7B ). 5LO upregulation is also shown in IMR-90 and LF1 senescence fibroblasts, whereas it did not occur in confluent WI38 cells (data not shown). ROS production increased during culture history, and incubation with AA861 reduced this increase in a dose-dependent manner ( Figure 7C ). Accordingly, AA861 and NAC strongly reduced Ser15 phosphorylation of p53 induced during cell culture history ( Figure 7D ). AA861 also extended the in vitro lifespan of WI38 cells in a dose-dependent manner ( Figure 7E ). À/À MEFs infected with B0 or Ha-RasV12 and cultured in the absence or presence of 1 mM AA861 (AA), 2 mM NAC (N) or 10 mM t-BTH (BH). At 24 h after transfection, the luciferase activity was measured. The activity in B0-infected wild-type MEFs is set at 100%. P-values are also indicated, paired t-test, n ¼ 3. (C) Wild-type and 5LO
À/À MEFs were infected with control (B0), Ha-RasV12 or 5LO. Cell lysates were prepared when Ha-RasV12-or 5LO-infected culture was terminally arrested, immunoprecipitated with anti-p53 antibody and analyzed by Western blot using anti-p53-phosphoSer15 and Ser46 antibodies. (D) Luciferase activity of p21-luc in p53 À/À MEFs untransfected (&) or transfected with 50 pg ( ) or 100 pg (&) of wild-type p53 or p53S15A constructs in the presence of control (B0) or Ha-RasV12-or 5LO-expressing vectors. Values are normalized by cotransfected b-gal. (E) MEFs were infected with Ha-RasV12, 5LO or control (B0) and cultured with or without NAC (2 mM) or AA861 (1 mM). Cell lysates were prepared as described in the legend to panel C and protein levels of p53 and phosphoSer15 were detected by Western blotting (left). 5LO
À/À
MEFs expressing control (B0) or Ha-RasV12 were untreated or treated with 10 mM t-BTH as described in the legend to Figure 2C . Protein levels of p53 and phosphoSer15 were detected by Western blotting. On the other hand, replicative senescence of MEFs is a primary consequence of severe oxidative stress, which causes extensive DNA damage (Parrinello et al, 2003) . Increased 5LO expression and activity are also shown in senescence MEFs (data not shown) and 5LO À/À MEFs showed a significant increase of in vitro lifespan compared to wild-type MEFs ( Figure 7F ). These data support the idea that 5LO may be a key component in mediating oxidative crisis in human and murine fibroblasts that, in turn, can promote p53 phosphorylation and stasis.
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Discussion
In the present study, we provide the first evidence showing the involvement of 5LO in mediating the oxidative crisis in both human fibroblasts and MEFs which determines stasis. There are a variety of systems whose function is to restrict the proliferation of premalignant or malignant cells. Telomerebased replicative senescence prevents premalignant cells from accumulating sufficient mutations to become cancerous. The induction of growth arrest by stasis (i.e. stress or aberrant signaling-induced senescence) represents an additional mechanism of preventing the proliferation of aberrant cells (Drayton and Peters, 2002) . In response to inadequate culture conditions or excessive mitogenic stimuli, cells respond with a program (i.e. stasis) that induces an irreversible growth arrest and is indistinguishable from replicative senescence in terms of morphological and molecular markers (Serrano et al, 1997; Schmitt, 2003) . Several lines of evidence suggest that ROS production is involved in both senescence pathways (stasis and replicative senescence) (Serrano et al, 1997; Lee et al, 1999) . In particular, it appears that ROS is involved in the cellular commitment to senescence induction and in the transition from reversible growth arrest to a permanent one (Macip et al, 2003) . However, the sources of ROS during cellular senescence are not completely known. Two different mechanisms that control redox signaling were recently implicated: (i) generation of ROS secondary to mitochondrial disruption and (ii) activation of cellular NADPH oxidase (Haendeler et al, 2004) . There are other sources of cellular ROS, including the signaling of arachidonic acid, which represents a paradigm for the use of oxygen in the transmission of information (Soberman and Christmas, 2003) . Here, we have focused on enzymes that control the multiple signaling pathways of arachidonic acid with the intent to identify those implicated in cellular senescence. We identified the candidate 5LO, cPLA2 and COX2 as genes upregulated during oncogenic ras-induced stasis (Figure 1 ). However, several observations suggest that the 5LO pathway of arachidonic acid metabolism is the main signal involved in ROS generation and stasis. First, the onset of stasis is accompanied by a striking increase in the production of 5-HETE, LTB4 and other LTA4-derived metabolites. Second, the effects of specific inhibitors of cPLA2 and 5LO showed that activation of cPLA2 and metabolism of the synthesized arachidonic acid by 5LO were essential for the generation of ROS and SAb-gal accumulation by oncogenic ras (Figure 2 ). Consistently, ROS production and growth arrest following Ha-RasV12 expression can be prevented using MEFs deficient in 5LO (Figure 3) . Third, the role of 5LO in mediating ROS generation was further confirmed by the significant increase of ROS levels elicited by overexpression of a catalytically active 5LO in the cells (Figure 4) . Consistent with that role, the ability of 5LO to increase ROS levels is essential for the 5LO phenotype because 5LO-expressing cells grown in the presence of either a peroxide-scavenging antioxidant or low oxygen are rescued from stasis ( Figure 4B and C). By contrast, 5LO-mediated stasis, like oncogenic ras (Wei et al, 1999) , is not rescued by overexpression of hTERT. Increasing evidence supports a signaling link between 5LO pathway and ROS generation. For example, the activity of 5LO is required for ROS production by CD28 stimulation in T lymphocytes (Los et al, 1995) . Also, an action of LTB4 through an autocrine stimulatory loop was shown to be crucial for ROS generation in response to TNF-á in fibroblasts (Woo et al, 2000) . Consistent with that report, we observed a significantly enhanced extracellular secretion of LTB4 in response to oncogenic ras ( Figure 1C) , and ZK-158252, a specific LTB4 receptor (BLTR) antagonist, markedly inhibited Ha-RasV12-induced ROS (our unpublished data). Thus, it may be possible that 5LO is required for oncogenic rasinduced ROS generation and that LTB4 acts via an autocrine loop functioning as a feedback mechanism amplifying the ROS generation and, in turn, stasis. However, we cannot exclude the possibility that other 5LO products such as 5(S)-HETE, 5-oxo-HETE, the cysteinyl-LTs or lipoxins may influence stasis. The roles of specific LO metabolites during stasis are currently under investigation. It is interesting that COX2 overexpression did not induce stasis. Both 5LO and COX2 are oxidizing enzymes forming hydroperoxy fatty acids, and lipid peroxides may be involved in the generation of ROS and stasis. However, we provide direct evidence for the chemical identity of the oxidizing species in the 5LO-expressing cells. We found that 5LO-expressing cells generate more than one reactive species ( Figure 4A ), whereas COX2 overexpression did not induce oxygen radicals in our systems (data not shown). This is consistent with a previous report showing that oxygen radicals seem to be not directly involved in COX2 catalytic cycle (Jiang et al, 2004) , and suggests that several reactive species, including ROS, may contribute to the induction of stasis.
Given the known ability of ROS to induce DNA damage, it is conceivable that in the context of a normal cell, oxidative crisis resulted in oxidative modifications of DNA and the subsequent upregulation of cell cycle inhibitors, such as p53 and p21 (Serrano et al, 1997) . Consistently, we found that 5LO increased p53 and p21 protein levels and that p53 is crucial for 5LO-mediated stasis ( Figure 5 ). p53 phosphorylation accumulates during stasis (Ferbeyre et al, 2000; Pearson et al, 2000) and this is important for the p53 transcriptional activity (Appella and Anderson, 2001) . We found that ROS produced by 5LO increases p53 phosphorylation on serine 15 (Figure 6 ), which is a key site for p53 regulation (Ferbeyre et al, 2000; Pearson et al, 2000) . This effect may be indirect and involve p38 MAPK since this kinase is activated by 5LO metabolites (Ding et al, 2003) as well as oncogenic ras (Wang et al, 2002) , and directly phosphorylates p53 (Bulavin et al, 1999) . The role of p38 MAPK within this context is being investigated.
To support our findings, we also observed that 5LO is involved in human and murine fibroblasts undergoing oxidative crises during their culture history (Figure 7) , a program that represents a combination of replicative senescence and stasis (Atamna et al, 2000; Forsyth et al, 2003; Parrinello et al, 2003) , but has little to do with ageing (Drayton and Peters, 2002) . In fact, 5LO gene knockout experiments in mice indicate no obvious problems in development or life expectance (Chen et al, 1994) . However, our results suggest that 5LO modulates oxidative events, and its role may become evident only under physiological or pathological stress.
Like oncogenic ras, it is known that 5LO has mitogenic activity promoting the proliferation of different cell types (Soberman and Christmas, 2003) . 5LO overexpression and abnormal production of leukotrienes are also involved in the pathophysiology of cancer (Hong et al, 1999) . Therefore, 5LO-induced growth arrest may be another antitumorigenesis mechanism similar to Ras-induced stasis. We have previously shown that 5LO is able to inhibit apoptosis in cancer cell lines (Catalano et al, 2004) . In the light of the results we present here, we argue that 5LO is part of a safeguard mechanism against tumorigenesis in normal cells. However, in cancerous cells, when all the safeguard checkpoints had been overcome, 5LO activity turns out to give a proliferative advantage to the transformed cells, resulting from inhibition of cell death. Lee et al (1999) suggest that one potential mediator of Rasinduced ROS generation is ceramide, a lipid linked to the senescent phenotype. Recently, it was shown that ceramide binds and activates cPLA2 increasing arachidonic acid release (Huwiler et al, 2001 ). Thus, it is possible that ceramide participates upstream of 5LO pathway in mediating the Ras response.
In conclusion, our results suggest that constitutive activation of 5LO pathway by oncogenic activation (i.e. Ha-RasV12) or 'culture shock' leads to an increase of ROS that promotes stasis via the p53/p21-dependent pathway (Figure 8 ). Given that Ha-RasV12 induction of p53 and p16 is not dependent on 5LO activity (see Figure 6 ), it would appear that an oncogenic ras target other than 5LO participates to induce p53 and p16. Our results also show that NADPH oxidase inhibitors produce as great a reduction in ROS levels and stasis as 5LO inhibitors. Thus, it may be sufficient to block either pathway in order to prevent the Ras-induced response. The induction of p53 by Ha-RasV12 also occurs in the 5LO-deficient MEFs, and there is only an approximately 50% reduction in the amount of p21 induced (indicating that p53 may be active in spite of not being phosphorylated on Ser15). Thus, it appears that there are a variety of pathways contributing to the mechanism by which growth arrest is achieved, and it is only when all are active that the response is obtained. It is not clear whether 5LO is directly (by production of pro-oxidant 5LO metabolites as end products) or indirectly (by production of 5LO metabolites as intermediates in a pathway) responsible for ROS generation during stasis. However, our findings uncover 
Materials and methods
Cells and culture conditions
Normal human fibroblasts IMR-90 (ATCC CCL-186), LF1 (ATCC CCL-153) and WI38 (ATCC CCL-75) were cultured in Ham's F-10 medium supplemented with 15% fetal bovine serum (FBS), nonessential amino acids and sodium pyruvate (all from HyClone, Rome, Italy). 5LO
À/À MEFs were prepared from 5LO À/À mice, whereas p21
À/À MEFs were prepared from embryos derived from crosses between heterozygous mice (Jackson, Bar Harbor, ME). MEFs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and penicillin-streptomycin (50 U/ml). For H 2 O 2 treatment (Gorbunova et al, 2002) , we added to the culture medium 250 mM H 2 O 2 for 2 h. Then, cells were washed once with phosphate-buffered saline (PBS) and a fresh culture medium was added. For infected cells (Ferbeyre et al, 2000) , we selected with 1 mg/ml puromycin for 4 days. The day when drug selection was completed (4 days after infection or H 2 O 2 treatment) was defined as day 0.
Chemicals and vectors
MK886, AA861, indometacin, ATK and ETYA were purchased from Cayman Chemical (Milan, Italy). DCF, DPI and NAC were from Sigma (Milan, Italy). All other chemicals were from standard sources and were molecular biology grade or higher. The retroviral Babe-puro-Ha-RasV12 and pBabe empty (B0) vectors were kindly provided by Dr GJ Clark (National Cancer Institute, MD). The plasmids coding wild-type p53 and p53S15A were described previously (D'Orazi et al, 2002) , and were provided by Dr S Soddu (Regina Elena Cancer Institute, Rome, Italy). The cDNA of wild-type 5LO-GFP fusion protein or catalytically inactive 5LO mutant, H367Q-GFP fusion protein was previously reported (Romano et al, 2001; Catalano et al, 2004) , and was subcloned into Babe-puro. DNA sequencing was performed to verify the correct insertion with a MegaBACE DNA analysis system by using a DYEnamic ET Dye Terminator Cycle sequencing kit (Amersham Corp., Milan, Italy). Details of the construct are available upon request. Retroviral stocks were generated by transient transfection of packaging cell line (PT67, Clontech, Palo Alto, CA) and stored at À801C until use. Infection of cells with retroviral constructs, and culturing of transduced cells were performed by standard procedures (Serrano et al, 1997; Bischof et al, 2002) .
Reporter assays
Infected WI38 fibroblasts (5-8 Â10 3 /cm 2 on 35 mm dishes) were transfected with 500 ng p21-Luciferase (p21-Luc) reporter plasmid and 0.1 mg pCMV-b-gal reporters using LipofectAMINE 2000 (Invitrogen, Milan, Italy). b-Galactosidase and luciferase activities were measured using Galacto-Light Plus TM (Tropix Inc., Bedford, MA) and Luciferase Assay Systems (Promega, Milan, Italy) according to the suppliers' instructions and as reported earlier . Luciferase activity was then normalized with b-galactosidase activity.
Senescence analysis
Senescence was assessed using several assays. The growth curves were performed as described (Bischof et al, 2002) . Cells were plated in triplicate at 2 Â10 4 per well in 12-well plates. Relative cell numbers were estimated at various time points using a crystal violet incorporation assay, and the number of PDs (n) was calculated using the following equation:
where F is the number of cells at the end of one passage and I is the number of cells that were seeded at the beginning of one passage. Thymidine incorporation assay and SA-b-gal staining were performed as described (Gorbunova et al, 2002) . Cells were subcultured on coverslips. When 70-80% confluent at 2 Â10 4 /cm 2 , [ 3 H]thymidine (10 mCi/ml) was added to the cells for an additional 36 h, fixed and subjected to autoradiography, and the percentage of cells incorporating [ 3 H]thymidine was determined. These cells were also costained for SA-b-Gal. Cells were counted under the microscope, and a minimum of 500 cells were counted for each coverslip. The percent of SA-b-gal-positive cells from the total number of cells was calculated.
Real-time RT-PCR
Cells were collected after indicated times and washed with PBS. Total RNA was extracted with the RNeasy minikit from Qiagen (Milan, Italy). Total RNA (50 ng/ml) from different treatments was reverse transcribed with the TaqMan reverse transcription kit (PE Applied Biosystem, Milan, Italy). The cDNA was then subjected to real-time reverse transcription (RT)-PCR with SYBR Green PCR core reagents (Finnzymes, Keilaranta, Finland) . The PCR were carried out in a Chromo4 sequence detector (Celbio, Milan, Italy). The primer sequences of all 5LO pathway constituents were determined by Laboratory Tools software analysis of Stratagene (Milan, Italy). Details of sequences and thermal cycle conditions are available upon request. The amplicons of genes were between 250 and 300 bp. Data were acquired and analyzed with the sequence detector Chromo4 software.
Protein expression
Immunoprecipitation and Western blot analysis were performed from whole cell lysates as previously described . Antibodies against 5LO (Cayman Chemical, Milan, Italy), p53 (DO1, Santa Cruz, Milan, Italy), Ser15 (16G8), Ser46 p53 (Cell Signaling Tec., Milan, Italy), p21 (Ab1), RasV12 (OP38, Calbiochem, Milan, Italy), p16 (DCS-50, Novocastra), pRb, cPLA, COX2 (all by Cell Signaling Tec., Milan, Italy) and PML (PGM3, Santa Cruz) were used as probes and detected using enhanced chemiluminescence (Amersham Corp., Milan, Italy). To determine expression of the catalytically inactive H367Q mutant, Western blot analysis was carried out using anti-GFP monoclonal antibody (Calbiochem, Milan, Italy). As loading control, the blots were reprobed with an anti-b-actin antibody.
Measurements of 5LO products
Mono-HETEs released into cell conditioned media were determined using solid phase extraction and reversed-phase (RP) highperformance liquid chromatography (HPLC) procedures as described previously . To determine LT isomers and metabolites, we also utilized RP-HPLC procedures described by Hosni et al (1991) , with detection at 270 nm. Prostaglandins E1 (PGE1) and B2 (PGB2), 5-HETE, 15S-hydroxyeicosatrienoic acid (15-HETrE), LTB4 and other arachidonic acid metabolites used as standards for HPLC were from Cayman (Milan, Italy). Methanol and acetonitrile were of HPLC grade. Other reagents were of analytical grade or better. 5LO product formation is expressed as nanogram of 5LO products per milligram of protein. 20-COOH-LTB4 is not detected by RP-HPLC.
Measurement of ROS, superoxide, hydrogen peroxide, nitrite anion and 8-isoprostane generation
For measurement of ROS production, cells were incubated with 5 mg/ml of DCF for 30 min at 371C, washed with PBS, trypsinized and collected in 1 ml of PBS, followed by fluorescence-activated cell sorter (FACS; Beckton Dickson FACScan) using Cell Quest 3.2 software (Beckton Dickson, Milan, Italy) for analysis. Values of mean green fluorescence intensity were used to plot graphs. Superoxide anion (O 2 À ) generation was determined by lucigenin (25 mM, final concentration) as previously described (Altmann et al, 2004) . The chemiluminescence was recorded using a Micro Luminat Plus LB 96V (Berthold, Bad Wildbad, Germany) at intervals of 6 s (two cycles) in a total detection time of 3 min. The detected chemiluminescence was summarized over two intervals and plotted versus blank values. H 2 O 2 concentration was determined as previously described (Moreno, 2003) . Briefly, 2,6-dichlorophenolindophenol (DCPIP, 40 mM) was reduced by ascorbic acid, which attenuated the blue color. H 2 O 2 in samples in the presence of a few microliters of horseradish peroxidase increased the absorbance (610 nm) owing to the reoxidation of DCPIP. Control reactions were performed by adding catalase. The 8-isoprostane was measured using the corresponding ELISA kit from Cayman Chemicals (Milan, Italy), and nitrite (NO 2 À ) accumulation in the cell-free supernatant, as an indicator of NO production, was measured using the Griess reagent as described elsewhere (Martinez et al, 2000) . The production of NO 2 À was measured from a sodium nitrite standard curve freshly prepared in culture medium and expressed in nmol. The detection limit was 1 mM.
Annexin and propidium iodide fluorescent staining
Annexin and PI fluorescent staining was carried out as described previously (Rippo et al, 2004) . Cells positively stained with annexin and not PI were considered apoptotic, and cells negative for the two dyes were considered live cells.
Statistical analysis
All values were expressed as mean7s.e.m. Comparison of results between different groups was performed by one-way analysis of variance and paired t-test using StatView 5.0 (NET Engineering, Pavia, Italy). A P-value p0.05 was considered to be statistically significant.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
